OPTICALLY SIMILAR REFERENCE SAMPLES AND 
RELATED METHODS FOR MULTIVARIATE CALIBRATION 
MODELS USED IN OPTICAL SPECTROSCOPY 

5 Related Applications 

This application is related to U.S. Patent Application Serial No. , 

entitled "System for Non-Invasive Measurement of Glucose in Humans"; U.S. Patent 

Application Serial No. , entitled "Illumination Device and Method for 

Spectroscopic Analysis"; and U.S. Patent Application Serial No. , entitled 

10 "Encoded Variable Filter Spectrometer", all filed on the same date herewith and assigned 

to the assignee of the present application. The disclosure of each of these related 

applications is hereby incorporated by reference. 

Field of the Invention 

The present invention generally relates to calibration reference samples and 

15 techniques for multivariate calibration models used in optical spectroscopy. More 

specifically, the present invention relates to calibration reference samples and techniques 

for building and maintaining multivariate calibration models used in optical spectroscopy 

for the measurement of analytes in bodily tissue by utilizing a reference sample that is 

optically similar to the analyte containing tissue. 

20 Background of the Invention 

The need for an accurate and non-invasive method for determining attributes of or 

analyte concentrations in bodily tissues, bodily fluids or other biological samples is well 

documented. For example, accurate non-invasive measurement of blood glucose levels 

in diabetic patients would greatly improve diabetes treatment. U.S. Patent No. 5,379,764 

25 to Barnes et al. discloses the necessity for diabetics to frequently monitor blood glucose 
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levels. The more frequent the blood glucose levels are measured, the less likely the 
occurrence of large swings in blood glucose levels. These large swings are associated 
with the very undesirable short-term symptoms and long-term complications of diabetes. 
Such long-term complications include heart disease, arteriosclerosis, blindness, stroke, 

5 hypertension, kidney failure, and premature death. 

Several systems have been proposed for the non-invasive measurement of blood 
glucose levels. However, despite these efforts, direct and invasive measurements (e.g., 
blood sampling by a lancet cut into the finger) are still necessary for most if not all 
presently FDA approved and commercially available glucose monitors. This is believed 

10 so compromising to the diabetic patient that frequent blood glucose measurement, which 
is necessary to ensure effective diabetes management, is rarely achieved. 

The various proposed non-invasive methods for determining blood glucose level 
generally utilize quantitative infrared spectroscopy as a theoretical basis for analysis. In 
general, these methods involve probing glucose containing tissue using infrared radiation 

15 in transmission or in diffuse reflectance. It is known that glucose absorbs at multiple 
frequencies in both the mid- and near-infrared range. There are, however, other infrared 
active analytes in the tissue and blood that also absorb at similar frequencies. Due to the 
overlapping nature of these absorption bands, no single or specific frequency can be used 
for reliable non-invasive glucose measurement. Analysis of spectral data for glucose 

20 measurement thus requires evaluation of many spectral intensities over a wide spectral 
range to achieve the sensitivity, precision, accuracy, and reliability necessary for 
quantitative determination. 

U.S. Patent No. 4,975,581 to Robinson et al. discloses a method and apparatus for 



-2- 



measuring a characteristic of unknown value in a biological sample using infrared 
spectroscopy in conjunction with a multivariate model that is empirically derived from a 
set of spectra of biological samples of known characteristic values. The above- 
mentioned characteristic is generally the concentration of an analyte, such as glucose, but 
5 also may be any chemical or physical property of the sample. The method of Robinson et 
al. involves a two-step process that includes both calibration and prediction steps. 

In the calibration step, the infrared light is coupled to calibration samples of 
known characteristic values so that there is differential attenuation of at least several 
wavelengths of the infrared radiation as a function of the various components and 

10 analytes comprising the sample with known characteristic value. The infrared light is 
coupled to the sample by passing the light through the sample or by reflecting the light 
from the sample. Absorption of the infrared light by the sample causes intensity 
variations of the light that are a function of the wavelength of the light. The resulting 
intensity variations are measured for the set of calibration samples of known 

15 characteristic values. Original or transformed intensity variations are then empirically 
related to the known characteristic of the calibration samples using a multivariate 
algorithm to obtain a multivariate calibration model. The model preferably accounts for 
subject variability (both intra-subject and inter-subject), instrument variability and 
environment variability. 

20 A further method of building a calibration model and using such model for 

prediction of analytes in or attributes of tissue is disclosed in commonly assigned U.S. 
Patent No. 6,157,041 to Thomas et al., entitled "Method and Apparatus for Tailoring 
Spectrographic Calibration Models," the disclosure of which is incorporated herein by 
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reference. 

In the prediction step, the infrared light is coupled to a sample of unknown 
characteristic value, and the calibration model is applied to the original or transformed 
intensity variations of the appropriate wavelengths of light measured from this unknown 
5 sample. The result of the prediction step is the estimated value of the characteristic of the 
unknown sample. 

As mentioned above, the multivariate calibration model preferably accounts for 
instrument variability and environment variability. In addition, it is desirable that the 
model accounts for such variability over time. In other words, in the practical use of a 

10 multivariate calibration model, it is desirable that prediction errors or model applicability 
remain stable over time. It is known that prediction errors can be caused by changes in 
the measuring instrument or the measurement environment over time. See, for example, 
H. Swierenga, et. al, Applied Spectroscopy, Vol. 52, No. 1, 1998. As instruments change 
or drift over time, they produce variations in the spectra that reduce the ability of a 

15 calibration model to make accurate predictions. In order to maintain a multivariate 
calibration over time, the effect/magnitude of these variations must be reduced as much 
as possible. 

One approach involves manipulating the calibration model itself. The most basic 
method is re-calibrating the instrument. In other words, when the multivariate model 
20 becomes invalid, due to a drift in the instrument response, the entire calibration procedure 
is repeated. This is a time and labor-intensive process, and, if the original calibration 
samples are unstable, a completely new set of samples must be prepared, which is not 
always practical. Because of the amount of effort involved in re-calibrations, this option 
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is not a favorable one. Furthermore, for non-invasive in-vivo calibration models, there 
may be a complete lack of viable samples for re-calibration. 

Another approach is to update the calibration model when the prediction samples 
begin to drift out of the calibration model space. This is especially useful in process 
5 monitoring, and can be achieved through the addition of new calibration samples that 
reflect changing analytical conditions. See, for example, Stork, Chris L.; Kowalski, 
Bruce R., Chemom. Intell. Lab. Syst. (1999), 48(2), 151-166; and Martens, H.; Westad, 
F.; Foulk, S.; Bernsten, H., Adv. Instrum. Control (1990), 45(Pt. 1), 371-381. This is less 
labor-intensive than an entire re-calibration since it only involves adding data from the 

10 new instrument state to the original calibration model data set. The problem with this 
approach is that it requires on-going data monitoring with a reliable method to evaluate 
when an update to the model is necessary. The method must also distinguish between an 
instrumental change that is normal and an instrumental change that indicates a problem 
that must be fixed (such as a component failure) so that the model is not simply updated 

15 with "bad" data. Thus, it can be difficult to ascertain at what point an update to the 
model becomes necessary while also establishing that the instrument itself is not failing. 

Another approach for maintaining calibration is to build the calibration data set in 
such a way that expected instrumental variations are incorporated into the data. In other 
words, the calibration design should cover all relevant sources of variation that might be 

20 seen in future samples, so that future samples will not appear "unusual". See, for 
example, Swierenga, H.; de Weijer, A.P.; van Wijk, R.J.; Buydnes, L.M.C., Chemom. 
Intell. Lab. Syst. (1999), 49(1), 1-17; De Noord, O.E., Chemom. Intell. Lab. Syst. (1994), 
25, 85-97; and Thomas, E.V.; Ge, N., Technometics, (2000), 42(2), 168-176. Calibration 
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samples must therefore be measured at different instrumental states and at different 
environmental conditions. A disadvantage of this approach is that it requires the 
burdensome task of measuring many more calibration samples to provide enough degrees 
of freedom to estimate the additional parameters. Another disadvantage is that it is often 
5 difficult to foresee all relevant variation sources. This creates the possibility that the 
instrument state may vary outside the model space despite the experimental design. 
When a variation occurs that is not accounted for in the model, the calibration will no 
longer be valid. 

A related approach is to utilize an instrument-standardization technique for 
10 mapping the instrument in one state to an instrument in another state. See, De Noord, 
O.E., Chemom. Intell. Lab. Syst. (1994), 25, 85-97. This technique works best with a 
selection of "real" samples, which means that the transfer samples should ideally be a 
subset of those from the calibration set. However, it is often difficult to span the relevant 
data space with "generic" samples, and "real" calibration samples are often not 
15 reproducible and, therefore, impractical. 

Yet another approach is to use mathematical pre-processing techniques to correct 
for the spectral variations caused by instrument drift over time. For example, such pre- 
processing methods include the use of first and second derivatives and other 
mathematical techniques to correct for constant and sloping baselines, and the use of 
20 Kalman filters to correct for drift. See, for example, Faber, N.M., Anal. Chem. (1999), 
71(3), 557-565; Johansen, LB.; Lines, G.T.; Honne, A.; Midtgaard, T., Appl Spectrosc, 
(1997), 51(10), 1540-1546; and Rutan SC, Bouveresse E, Andrew KN, Worsfold PJ, 
Massart DL, Chemometrics And Intelligent Laboratory Systems, (1996) 35(2) 199-211. 
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Pre-processing methods inherently rely on assumptions about the instrument's spectral 
response. If the assumptions do not hold true, then the spectra will not be corrected 
sufficiently for the model to provide an accurate prediction. The further away the 
assumption is from reality, the more residual variation will remain in the spectrum and 
5 the more artifacts will be added to the spectrum. Such residual variations and artifacts 
seriously compromise the measurement of small concentrations of analyte, because even 
a small uncertainty in a large background signal creates a much larger uncertainty in the 
small analyte signal. Powell, J.R.; Wasacz, F.M.; Jakobsen, R.J., Appl. Spectrosc, 
(1986), 40(3), 339-344. 

10 A variation of this approach is to calculate a background spectrum based on some 

assumptions, and then subtract that background spectrum from the sample spectrum. 
Because a static measure of the background will not compensate for background shifts 
due to instrument changes, different algorithms (statistical tests and heuristic spectral 
interpretation) may be used to estimate the background signal for subtraction from the 

15 sample response. See, for example, Salit, M.L.; Collins, J.B.; Yates, D.A., Appl. 
Spectrosc, (1994), 48(8), 915-925. However, as with the other pre-processing 
techniques described previously, this method also relies on assumptions that may not 
hold true and may introduce artifacts. Thus, as with all methods that involve estimators, 
this method is not sufficiently sensitive to estimate the background when the analyte 

20 signal is much smaller than the background signal. 

As in some of the scientific literature discussed above, several of the patents 
discussed below disclose methods of dealing with changes in the baseline response of the 
instrument, where the goal is to isolate individual absorption peaks from the rest of the 
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baseline instrument response. These techniques are applied to univariate spectral 
measurements, frequently in either plasma or fluorescence spectroscopy. However, none 
of these patents addresses the use of background measurements for the maintenance of a 
calibration model as in the present invention. 
5 Franklin (U.S. Patent No. 4,346,998) discusses measuring individual emission 

lines using plasma spectroscopy. Franklin describes a spectral background corrector 
system which causes wavelength scanning or modulation that allows specific absorption 
peaks to be identified and isolated. Again, Franklin does not offer a method for 
maintenance of multivariate calibration models over time as in the present invention. 

10 U.S. Patent No. 5,850,623 to Carman, Jr. et al. and European Patent Application 

No. 982 583 to Spragg discuss using standard "blank" samples to help reduce the effects 
of instrument changes. Carman discloses a method for standardizing Raman 
spectrometers using a reference sample for standardizing the optical instrument. Carman 
teaches that the choice of the reference sample is arbitrary, and Carman makes no 

15 mention of attempting to match the optical characteristics of the reference sample to the 
sample of interest. Carman suffers from the same limitations as the industry standard use 
of "blank" samples. Specifically, "blank" samples are spectrally dissimilar from the 
sample of interest being measured. In addition, "blank" samples or any other dissimilar 
background are not sufficiently sensitive to estimate the background when the analyte 

20 signal is much smaller than the background signal. 

Spragg deals directly with attempting to measure the state of a scanning FTIR 
instrument for spectral correction. Spragg discloses a method of using PCA 
decomposition to reduce the amount of time required to obtain a useable background 
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reference measurement. The background sample is described as being an empty sample 
holder. Spragg does not address the limitations of dissimilar backgrounds. 

U.S. Patent No. 5,830,133 to Osten et al. and U.S. Patent No. 5,360,004 to Purdy 
et al. discuss mathematical data processing methods to deal with different types of 
5 measurement variance. Osten et al. deal with the effects of varying water pathlengths in 
the sample of interest by using a two compartment mathematical model to describe the 
sample. Purdy et al. describe the use of data preprocessing steps to reduce the effects of 
instrument variation by using derivatives of the spectral data. Neither Osten et al. nor 
Purdy et al. use a reference measurement, and both are inadequate for correcting for the 

10 types of instrument variation addressed by the present invention. 

In summary, there is no generally accepted means of maintaining multivariate 
calibrations since none of the methods and theirs associated reference sample is a general 
solution to the problem. Moreover, when maintaining calibrations for samples where the 
analyte spectral absorption is much smaller than the gross sample spectrum, there is no 

15 known standard procedure to follow. In most other situations, it may be sufficient to use 
one of the techniques mentioned above, but when the analyte signal is very small, no 
known method is believed adequate, and spectral changes cannot simply be removed by 
an offset and/or slope correction. Subtle changes in the spectra must be accounted for in 
order to successfully maintain the calibration. None of the traditional methods does this, 

20 and predictive ability is, therefore, diminished with time. 

To the extent that the methods described above use background samples, they do 
not use optically similar background samples to help maintain multivariate calibrations. 
An optically similar reference sample is a sample that optically interacts with the optical 



measurement system in a manner that simulates to a desired degree the optical interaction 
between the optical system and the test sample. One component of optical similarity is 
the creation of a spectral absorbance at selected wavelengths that is similar to the test 
sample. The result is similarly shaped spectra at these wavelengths for both the reference 

5 and measurement samples. To obtain a similar shape and matched average absorbance, 
the optically similar reference sample should absorb the same or similar intensity of light 
at each selected wavelength over the range of wavelengths measured. An optically 
dissimilar reference sample is a sample that optically interacts with the optical 
measurement system in a manner that does not adequately represent the instrument or 

10 environmental state. When a dissimilar reference is used, it generally consists of either 
air or the solvent in which the analyte of interest is dissolved (e.g., an empty sample 
holder), hi cases where the spectral signature of the analyte of interest is large compared 
to the spectral features due to any other component in the system, the use of an empty 
sample holder may be sufficient to maintain a stable calibration model over time. 

15 Calibration in this instance is typically implemented by forming the ratio of the 
transmission spectrum of the unknown sample to the transmission spectrum of the 
reference sample. However, in cases where the spectral signature of the analyte of 
interest is much smaller than that of the other system components (e.g., glucose levels in 
blood or other aqueous solution), an empty sample holder or any other sample that is 

20 optically different from the prediction sample is not sufficient as a reference sample and 
is not effective for maintaining calibration. 

There is a substantial need for devices and methods that maintain a stable 
multivariate calibration model designed for quantitative optical spectroscopic 
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measurement of attributes or analytes in bodily tissue, blood or other biological samples. 
Such devices and methods are especially needed when the spectral absorbance of the 
attribute or analyte is small relative to the background. 

Summary of the Invention 
5 The present invention provides systems and methods for establishing and/or 

maintaining the prediction capability over time of a multivariate calibration model 
designed for quantitative optical spectroscopic measurement of attributes of or analytes in 
bodily tissues, bodily fluids or other biological samples, including plant samples, animal 
samples, food products, and derivatives thereof (e.g., human tissue, cheese, fruit, etc.). 

10 The present invention is particularly useful in spectroscopic measurement of attributes or 
analytes when the spectral absorbance of the attribute or analyte is small relative to the 
background, and stable calibration samples are not readily available. To accomplish this, 
the present invention uses an optically similar reference sample. An optically similar 
reference sample is used to capture variation present in the optical system in a manner 

15 that enables prediction performance to be maintained. The ability to capture instrument 
and environmental variation is enhanced by the use of an optically similar reference 
sample. The optically similar reference sample will be similar to the test sample in terms 
of spectral radiance. The similar background is preferably reproducible over time and is 
designed such that its optical properties are sufficiently matched to the sample of interest 

20 that instrument and environmental variations are captured in a similar manner in both the 
sample of interest and the optically similar reference sample. 

The present invention is preferably used to analyze biological tissue. Further 
complexity may be present when biological tissue is the sample of interest. Biological 
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tissue is commonly characterized as a turbid medium. Turbid media generally fail to 
permit any single ray of light from following an undisturbed pathway through the 
medium. In effect, turbid media are non-deterministic. That is, a light ray that enters a 
turbid medium may undergo several scattering events before finally exiting the medium. 
5 When many light rays are directed into a turbid medium, each of the exiting rays 
collected at any given point will have traveled a different distance through the medium. 
As a result, a spectrum from a turbid medium source is determined not only by type and 
concentration of the molecular species in the medium, but also by the shape of the 
pathway distribution the light took to travel through the medium. In the case of human 

10 tissue, the primary constituent is water. With respect to tissue, a reasonable water 
concentration is 75% by volume. Due to the fact that light entering the tissue undergoes 
multiple scattering interactions, the light rays exiting the tissue will have traveled 
different pathlengths through the tissue and through the primary constituent water. The 
resulting spectrum is the summation of many different light rays that have traveled 

15 different pathlengths through water. Thus, a spectrum of tissue is composed of many 
different pathlengths of water. It has been found that an optically similar reference 
sample of the present invention that optically interacts with the optical measurement 
system in a manner that simulates tissue preferably produces an optical interaction that 
results in multiple different pathlengths of water. 

20 As used herein, the calibration model is any set of coefficients or associated 

algorithms that are used in the generation of a prediction result. The test sample is the 
sample in which the measurement of the attribute is being made. The reference spectrum 
is any optical measurement information obtained in conjunction with the optically similar 
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reference sample, and can be full spectrum in nature or any part of the measured 
response, to include individual wavelengths, and covers information derived from the 
reference spectrum. 

The similar background of the present invention may be quantitatively described 

5 in terms of spectral radiance (W/m 2 Sr = watts per square meter per steradian). 
Preferably, the similar background preserves substantially the same mapping of input 
spectral radiance (W/m 2 Sr) to spectral radiant excitance (W/m 2 Sr) of the sample of 
interest. This definition of spectral similarity can be broken down into several sub- 
categories, all of which are implicitly incorporated into spectral radiance: spectral 

10 absorption features, overall light intensity received by the optical detector elements, 
angular distribution of light emitted by the sample, and spatial distribution of light 
emitted by the sample. The degree of spectral similarity required for calibration 
maintenance is dependent on the types and magnitudes of instrumental and 
environmental variations for which the model must compensate as well as the sensitivity 

15 of the model to those variations and the level of the signal due to the analyte. Preferably, 
the similar background of the present invention provides spectral, spatial and angular 
similarity as defined hereinafter. 

As stated above, the similar background of the present invention is useful for 
establishing and maintaining a quantitative calibration model for measuring an analyte or 

20 attribute whose spectral signature is much smaller than that of the surrounding matrix in a 
sample of interest. The sample of interest refers to the analyte-containing or attribute- 
containing spectral sample, such as human bodily tissue (e.g. skin), human bodily fluid 
(e.g., blood) or other biological sample, whose composition or physical properties are 
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being determined or measured. The use of an optically similar reference sample for 
calibration maintenance is applicable to several different methods of optical 
spectroscopy, including reflectance and transmission spectroscopy, for both in vivo and in 
vitro measurements. 

5 The present invention is particularly suitable for, but not limited to, the following 

applications. The present invention may be used in combination with a spectrometer for 
the measurement of blood constituents including glucose, alcohol, BUN (blood urea 
nitrogen), bilirubin, hemoglobin, creatin, cholesterol, and electrolytes as disclosed in U.S. 
Patent No. 5,830,132 to Robinson, entitled Robust Accurate Non-Invasive Analyte 

10 Monitor, the entire disclosure of which is hereby incorporated by reference. The present 
invention may also be used to spectroscopically monitor kidney dialysis as disclosed in 
U.S. Patent Application Serial No. 09/182,340, filed October 29, 1998, entitled 
"Apparatus and Method for Determination of the Adequacy of Dialysis by Non-Invasive 
Near-Infrared Spectroscopy", the entire disclosure of which is hereby incorporated by 

15 reference. The present invention may also be used to spectroscopically identify people as 
disclosed in U.S. Patent Application Serial No. 09/415,594, filed October 8, 1999, 
entitled "Apparatus and Method for Identification of Individuals by Near-Infrared 
Spectrum", the entire disclosure of which is hereby incorporated by reference. The 
present invention may further be used to maintain classification calibration models such 

20 as those used for distinguishing between malignant and benign tumors. Those skilled in 
the art will recognize that the present invention has other applications not specifically 
mentioned herein. 
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The optically similar reference sample may include one or more components or 
constituents which are optically measured in a manner which closely mimics the optical 
measurement of the test sample of interest. The construction and composition of the 
optically similar reference sample depends on a number of factors, including: the 

5 wavelength region of light used, the optical properties of the sample of interest, and the 
type of spectroscopic instrumentation being used. In order to achieve spectral similarity, 
the optically similar reference sample may contain some of the same components or 
constituents as the sample of interest (e.g., water, collagen, protein, lipids). The 
components used to create optical similarity can be natural animal or plant products or 

10 can also be synthesized. Specifically organic polymers could be used in the creation of 
the reference sample. It may also include a concentration of the analyte of interest being 
measured. Spectral similarity may also be achieved by using alternative components 
(e.g., optical filter coatings, optical scattering media, or diffuse reflectance material) with 
spectral characteristics similar to the components and constituents contained in the 

15 sample of interest. 

The present invention provides a number of different embodiments for the 
optically similar reference sample. In each of these embodiments, the optically similar 
reference sample creates a spectral absorbance that is similar to the test sample. In other 
words, the optically similar reference sample absorbs the same or similar intensity of 

20 light at each wavelength over the range of wavelengths measured. Additionally, the 
optically similar reference sample can absorb a similar relative intensity of light at each 
selected wavelength over the range of wavelengths measured. The similar relative 
absorbance will result in a similar spectral shape, while the average absorbance value of 
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the resulting spectra may be different. With this in mind, those skilled in the art will 
recognize that there are other types of reference samples that may be employed without 
departing from the scope or spirit of the present invention. Thus, the following examples 
are provided for purposes of illustration, not limitation. 
5 The optically similar reference sample may include an optically transparent layer 

or container, a diffusing layer, and a constituent layer disposed therebetween. The 
constituent layer may contain the same or similar constituents contained in the test 
sample of interest, such as water, collagen or lipid. The diffusing layer may be cone 
shaped or relatively flat with an irregular (non-planar) surface. 

10 The optically similar reference sample may alternatively include a container that 

is at least partially optically transparent and a scattering solution disposed therein. The 
optically similar reference sample may also include a stirring mechanism for stirring the 
scattering solution. The scattering solution may comprise reflective beads disposed in a 
constituent such as water or a collagen gel. 

15 As another alternative, the optically similar reference sample may comprise 

multiple layers including a first optical splitting layer, a reflective layer; a first constituent 
layer disposed between the first optical splitting layer and the reflective layer, a second 
optical splitting layer, and a second constituent layer disposed between the first optical 
splitting layer and the optical splitting transparent layer. The multi-layer reference 

20 sample may include more altering optical splitting layers and constituent layers. Again, 
the constituent layer may comprise water, collagen or lipid. 

As a further alternative, the optically similar reference sample may include a 
container that is at least partially optically transparent, a constituent disposed in the 



- 16- 



container, and a spacer disposed in the container. This arrangement may be referred to as 
a transmission cell. Preferably, multiple spacers are disposed in the container and the 
spacers displace water or other liquid to create a background with several different length 
water or other liquid paths. 

5 As yet another alternative, the optically similar reference sample may include an 

optically transparent layer, and a diffuse reflective layer (e.g., Spectralon), and a 
constituent layer disposed between the optically transparent layer and the diffuse 
reflective layer. The diffuse reflective layer is movable relative to the optically 
transparent layer to change the distance or height therebetween. 

10 The optically similar reference sample may alternatively include a container that 

is at least partially optically transparent and an animal (e.g., bovine, porcine) based 
bodily constituent disposed therein. The animal based bodily constituent may comprise 
an animal bodily tissue (e.g., skin), an animal bodily fluid (e.g., blood). 

The method of the present invention also provides a system in which any of these 

15 optically similar reference sample may be used. The optical spectroscopy system may 
include an optical spectrometer having an illumination source (e.g., NIR), a collection 
system, and a reference sample optically coupled (e.g., disposed adjacent) to the 
illumination source and collection system. The background sample may be measured 
using the exact same system and methodology as that used for the test sample of interest. 

20 Alternatively, the background sample may have a separate interface with the instrument. 
In some embodiments, the optically similar reference sample is composed of multiple 
components that are simultaneously measured at different locations in the optical path of 
the spectroscopic instrument. In most embodiments, the optically similar reference 
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sample may be designed for either manual or automatic placement into the correct 
location for optical sampling. In the case of automatic placement, this design allows for 
automated obtainment of the reference spectrum and would enable calibration 
maintenance without the direct intervention of an operator. 
5 The present invention also provides a method of establishing an accurate 

calibration model and/or maintaining the accuracy of the optical measurement system by 
using an optically similar reference sample as described above. In one preferred 
embodiment, a reference spectrum is obtained from the optically similar reference sample 
using an optical system and the calibration model is created or modified based on use of 

10 the calibration data and the reference spectrum. One such method is to use a linear 
combination of the calibration data and reference spectra. The combinations of 
calibration data and reference data can be done in a structured or random way. It been 
found that random associations work effectively and are easily implemented. The 
process of creating these composite data is referred to as robustification. The resulting 

15 calibration spectra contain the reference spectra from the optically similar reference 
spectrum combined with calibration data. The resulting data contains spectroscopic 
variation associated with the instrument and environmental state of the instrument. The 
composite calibration data can be processed to develop a calibration model. Utilizing the 
newly created or modified calibration model, an analyte or attribute of the test sample is 

20 predicted based on the test spectrum. In another preferred embodiment, the prediction of 
the analyte or attribute of the test sample may be based on a test spectrum that has been 
modified by the reference spectrum. The modified test spectrum is used as an input to 
create the model or as input to an existing model to predict the analyte or attribute. The 
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modification by, or use of, the reference spectrum helps compensate for, or account for, 
instrument or environmental changes. In another embodiment, multiple optically similar 
reference samples are used to create multiple reference spectra. 

Preferably, the reference spectrum is obtained just prior to obtaining the test 
5 spectrum. To increase accuracy, multiple reference spectra may be obtained near in time 
to obtaining the test spectrum. The multiple reference spectra may be obtained over a 
period of time and time-averaged or exponentially time- weighted just prior to obtaining 
the test spectrum. 

The present invention provides a number of advantages over the prior art. As 
10 stated previously, the present invention utilizes an optically similar reference sample to 
allow a multivariate calibration model to be maintained over long periods of time such 
that it does not become invalid for future spectral predictions. The optically similar 
reference sample of the present invention is useful in situations where the analyte of 
interest has a signal that is much smaller than the absorbing background of the sample 
15 matrix, since prior art methods do not successfully maintain calibration in the same 
situation. As compared to the prior art method of updating calibration, the present 
invention does not require periodic updating nor does it interfere with evaluation of 
instrument condition. As compared to the prior art method of incorporating all 
predictable variations into the calibration model, the present invention does not rely on 
20 any predictions, which may prove to be untrue and thereby invalidate the calibration. As 
compared to the prior art method of instrument-standardization using generic and real 
samples, the similar background of the present invention allows the instrument state to be 
appropriately represented, while eliminating the need for real samples which are often 
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unstable or not reproducible over time. As compared to the mathematical pre-processing 
techniques of the prior art, the present invention allows the instrument response to be 
seen in the same way as the sample of interest and therefore does not rely on possibly 
false or inaccurate assumptions regarding instrument response. The present invention 
5 thus provides an improvement over these prior art methods because spectroscopic 
variation due to instrument or environmental changes are effectively captured through the 
use of an optically similar reference sample. The use of an optically similar reference 
sample enables a variety of methods to effectively compensate for unmodeled variations 
or artifacts, thereby allowing accurate predictions to be made. 
10 Brief Description of the Drawings 

Figure 1 shows two graphs of spectral residuals comparing a conventional air 
background to a similar background in accordance with the present invention; 

Figure 2 shows a graph of standard error of prediction comparing no background, 
a conventional air background, and a similar background in accordance with the present 
1 5 invention in the presence of instrument and environmental variation; 

Figure 3 shows a graph of the spectral differences between the mean human tissue 
spectrum and two different backgrounds, namely a conventional air background and a 
similar background in accordance with the present invention; 

Figure 4 is a flowchart illustrating the steps used in quantifying spectral 
20 similarity; 

Figures 5 and 6 illustrate a cone background device in accordance with an 
embodiment of the present invention, wherein Figure 5 illustrates a ray-trace of the cone 
background device and Figure 6 illustrates a partial cut-away view of the cone 
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background device; 

Figure 7 shows a graph of spectral response demonstrating the spectral match 
between the tissue sample and the cone background; 

Figure 8 schematically illustrates a scattering solution background in accordance 
5 with an embodiment of the present invention; 

Figure 9 shows a graph of spectral response demonstrating the spectral match 
between the tissue sample and the scattering solution background; 

Figure 10A schematically illustrates a roof background in accordance with an 
embodiment of the present invention; 
10 Figure 1 OB schematically illustrates an alternative roof background as positioned 

on a fiber optic sampling array; 

Figure 11 shows a graph of spectral response demonstrating the spectral match 
between the tissue sample and the roof background; 

Figure 12 schematically illustrates a multi-layer background in accordance with 
15 an embodiment of the present invention; 

Figure 13 shows a graph of spectral response demonstrating the spectral match 
between the tissue sample and the multi-layered background; 

Figure 14 schematically illustrates a transmission cell background in accordance 
with an embodiment of the present invention; 
20 Figure 15 shows a graph of spectral response demonstrating the spectral match 

between the tissue sample and the transmission cell background; 

Figure 16 schematically illustrates a variable height temporal background in 
accordance with an embodiment of the present invention; 
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Figure 17 shows a graph of spectral response demonstrating the spectral match 
between the tissue sample and the variable height temporal background; 

Figure 18 schematically illustrates a collagen gel matrix background in 
accordance with an embodiment of the present invention; 
5 Figure 19 shows a graph of spectral response demonstrating the spectral match 

between the tissue sample and the collagen gel matrix background; 

Figure 20 schematically illustrates an animal tissue (bovine) background in 
accordance with an embodiment of the present invention; and 

Figure 21 shows a graph of spectral response demonstrating the spectral match 
10 between the tissue sample and the bovine tissue background. 

Detailed Description of the Invention 
The following detailed description should be read with reference to the drawings 
in which similar elements in different drawings are numbered the same. The drawings, 
which are not necessarily to scale, depict illustrative embodiments and are not intended to 
15 limit the scope of the invention. 

To better appreciate the benefits afforded by the present invention, it is useful to 
analytically review the problem at hand. The problem solved by the present invention is 
the difficulty in maintaining a multi-wavelength calibration model for quantitatively 
measuring the concentration of analytes whose spectral absorption is much smaller than 
20 that of the gross sample spectrum. The cause of the failure of a spectrally dissimilar 
reference sample to maintain calibration under these conditions can be described 
analytically as shown below. 

It has been shown in the literature that photometric inaccuracies will be present 
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even in an ideal instrument of finite resolution where all sources of non-linearity 
(detector response, stray light, etc.) have been removed. See, for example, R. J. 
Anderson and P. R. Griffiths, Analytical Chemistry, Vol. 47, No. 14, December 1975; 
and R. J. Anderson and P. R. Griffiths, Analytical Chemistry, Vol. 50, No. 13, November 

5 1978. This inherent inaccuracy is caused by the finite resolution of the instrument 
(grating spectrometer or FT interferometer) because a spectrum produced by an 
instrument with finite resolution will be the true sample spectrum convolved with the 
instrument line shape (ILS) (for a grating spectrometer, the ELS is a function of the 
entrance and exit slit widths and for an FT interferometer, the ILS is a function of the 

10 instrument self-apodization and the apodization function used in performing the Fourier 
transform). One can think of the convolution process as a distortion of the true spectrum 
at a particular wavenumber that is dependent on all other spectral intensities within the 
spectral bandpass of the instrument. Mathematically this can be written as Equation (1): 



where T a ( v. ) is the measured (or apparent) transmission at a particular optical frequency, 
V;, c defines the ELS (or apodization), £(v ; )is the absorption coefficient of the species 
being observed and / is the pathlength through the sample. A conclusion drawn from the 
20 Griffiths paper is that this apodization induced distortion causes significant deviations 
from Beer's law when the true absorbance of a peak exceeds 0.7 AU. 

The referenced literature also shows, and it can be inferred from Equation (1), that 
deviations from Beer's law are also a function of the instrument resolution relative to the 
narrowness of the spectral line being measured. A quantity called the resolution 



15 Eq. (1) 
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parameter, p, is defined as the ratio of the instrument resolution, R, to the full-width-half- 
height (FWHH) of the spectral band of interest as set forth by Equation (2): 



Eq.(2) p = RIFWHH 

5 

The effect of p on photometric accuracy can be understood in the limit by 
examining Equation (1). If the ILS is thought of as a Dirac-delta or impulse function 
(i.e., perfect instrument resolution), then the ILS convolution in Equation (1) yields the 
absorbance term independent of ILS, in other words the true absorbance spectrum is 
10 measured if the instrument operates with infinite resolution. On the other hand, if the 
absorbance term is thought of as a delta function, we are left with only the ILS centered 
at the discrete wavelength where the absorption line occurs. One can then summarize 
from the referenced literature that photometric inaccuracy due to apodization is a function 
of both p and the spectral absorbance of the sample as set forth in Equation (3): 

15 

Eq.(3) Error = f{p,A T (v)} 

where A T (v) is the true absorbance of all absorbers in the sample. 

It will be shown below that when there are different absorbers in the sample and 

20 background (for example, liquid water, glucose and water vapor in the sample and only 
water vapor in the background), the background will never capture a system perturbation 
in the same way that the sample will record the same perturbation. The strategy for using 
a background in spectroscopy is to capture and correct for instrumental or environmental 
variations so that the true absorbers in the sample can be identified. If the coefficients of 

25 absorption are included for all absorbers in the system, Equation (1) can be rewritten to 
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represent the measured transmission of any sample in any environment. For the 
particular case of glucose in water in the presence of water vapor, Equation (1) becomes 
Equation (4): 



-K (y)l ~K (y)l -K (v)/ -K (v)/ 

5 Eq.(4) t s a (v) = J° cj{v-v)e 1 ! e 8 8 e w w e v v 



where the subscript "I" represents instrument, "g" represents glucose, "w" represents 
liquid water and "v" represents water vapor present in the measuring environment. A 
typical background sample spectrum containing no glucose or water would be written as 
10 Equation (5): 



-K (v)l -K (v)l 

Eq.(5) T b A (v)=Fa(y-v)e i i e * * 



where the background spectrum measures the instrument absorbance and the water vapor 
15 absorbance. The background corrected sample spectrum would be written as Equation 
(6): 



-K (v)/ ~K (y)l - K (y)i -k (v)l 

T A (v) j?<r(y-v)e 1 l e g g e w w e v v 

Eq. (6) 



T A (V^ r ~K {v)l -K (v)/ 

h Oy J 0 °°cr(v-v.)e 1 l e v v 



20 As shown in Equation (1) the spectral intensity at each optical frequency depends 

on the spectral intensity of the adjacent frequencies measured by the instrument, the 
absorption terms for the instrument e ~ K ' {v)l1 and the water vapor e~ Kvl{v)l " do not cancel in 
Equation (6), resulting in a background corrected spectrum that is not equal to the true 
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absorbance spectrum of the measured analytes. The only way these terms will ever 
cancel is if all other absorption terms that are not common to both sample and 
background are negligible or do not vary with optical frequency. Equation (6) can be 
expanded further to encompass any instrumental or environmental perturbation from the 
5 calibration state as set forth by Equation (7) : 



Eq. (7) 



-K (y)l ~K (v)l -k (y)l ~K {7)1 ~K (y)l 



~K (y)l -K (v)l -K (v)l 

jJV(v-v)e € v v {? 



where the subscript A represents the absorption due to the perturbation. Maintenance of 
10 calibration could be achieved using any reference sample if the ratio in Equation (7) were 
equal to the ratio in Equation (6). However, as long as the unknown sample and 
reference sample have different spectral characteristics, Equation (7) will never 
identically equal Equation (6). The two equations become more similar as the reference 
sample begins to absorb more like the prediction sample. 
15 In summary, a similar background is required when the system perturbation is not 

well modeled and the perturbation is not negligible in magnitude compared to the 
absorbers in the prediction sample, or when the spectral resolution (full width at half 
height) of the perturbation is much less than the instrument resolution. Another way to 
write this requirement is in terms of the final regression coefficients from a multivariate 
20 calibration model acting on the spectrum of the unknown sample. This can be written as 
Equation (8): 
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Eq. (8) F ■ (S 0 + S NL + s) => F ■ S NL «Fe 

where F represents a vector of final regression coefficients, £ 0 represents the true 
spectrum, S NL represents the distorted, or non-linear, part of the measured spectrum due 

5 to the finite resolution of the instrument and s represents the spectral error due to 
sources of random error, hi other words, the product of the final regression coefficients 
and the non-linear portion of the measured spectrum caused by a system perturbation 
should be much less than the product of the final regression coefficients and the random 
error present in the measured spectrum so that the error term due to the distorted part of 

10 the spectrum is small and prediction performance is maintained. 

There are several different types of instrumental and environmental variation 
which may affect the prediction capability of a calibration model. It is possible, and 
highly desirable to reduce the magnitude of the effect of instrumental and environmental 
variation by incorporating this variation into the calibration model. It is difficult, 

15 however, to span the entire possible range of instrument states during the calibration 
period. System perturbations can result in the instrument being operated outside the 
space of the calibration model. Measurements made while the instrument is in an 
inadequately modeled state will exhibit prediction errors which render the measurement 
useless. In the case of in vivo optical measurements, these types of errors may result in 

20 erroneous medical information being used for the treatment of patients. These errors are 
obviously unacceptable in a commercial device. 

Some examples of problematic instrument and environmental variation include, 
but are not limited to: changes in the levels of environmental interferents such as water 
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vapor or CO2 gas, changes in the alignment of the instrument's optical components, 
fluctuations in the output power of the instrument's illumination system, and changes in 
the spatial and angular distribution of the light output by the instrument's illumination 
system. It will be shown through both simulated and empirical results that a spectrally 
5 similar background sample provides improved capability to correct for these types of 
variations. 

Correcting for any of the classes of instrument and environmental variation 
requires that the background sample have matched spectral absorption features with the 
sample of interest. It has already been shown mathematically that the finite instrument 
10 resolution causes the effect of different instrument states to depend on the spectral 
absorption characteristics of the sample (Equation (7)). Another way of stating this 
problem is that the optical effects of instrument and environmental variation should 
ideally be identical in both the background sample and the sample of interest. Taking the 
derivative of Equation (4) with respect to water vapor absorption yields Equation (9): 

15 

dT s A {V) -K (v)l ~K -K (v)l -K (v)l 

Eq. (9) -= C°-/ v o-(v-v )e 1 l e s g e w w e v v dv 

It is apparent from Equation (9) that the spectrum of water vapor is modified by the 
spectral shape of all compounds in the sample. This relationship holds true for any 
20 system perturbation which causes a change in the optical appearance of a sample's 
spectrum. 

Simulated results are presented for the effects of water vapor level variation on 
the in vitro measurement of glucose in reflectance using scattering media. Actual spectra 
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from 98 glucose solution samples were collected using an FTIR spectrometer operated at 
16 cm' 1 resolution. The samples contained variable levels of scattering media to simulate 
optical pathlength distributions similar to those seen in living tissue. For comparison 
purposes, spectra from two different types of background samples were also collected: a 

5 similar background with matched optical properties and an air background (i.e. an 
integrating sphere placed over the reflectance sampler). High-resolution water vapor 
spectra (obtained at 1 cm" 1 ) were then artificially added to the solution and background 
spectra in order to simulate varying water vapor levels. Simulations were run on the 
resulting spectra in order to model the effects of finite instrument resolution on the added 

10 interferents. The sample spectra were then ratioed to the background sample spectra in 
an attempt to remove the effects of the varying water vapor levels. Figure 1 shows the 
residual spectral effects after this background correction was performed. The two plots in 
Figure 1 show the remaining spectral differences when the ratioed spectra with added 
water vapor are subtracted from the original ratioed spectra without added water vapor. 

15 As can be seen in the figure, the spectrally similar background reduces the effects of the 
water vapor interferent by a significant amount. A calibration developed at a constant 
water vapor was used to predict on the sample spectra. As stated above, the sample 
spectra were ratioed against a similar background with matched optical properties and an 
air background. The prediction errors for the sample data with the air background ratio 

20 were inflated over the sample spectra with a similar background by approximately 
40 mg/dl using a calibration model with 20 factors. This simulation clearly demonstrates 
the advantage of using a similar background for correcting for even simple system 
perturbations. 



-29- 



Many of the types of instrument variation involve interactions with the sampling 
geometry of the sample. These types of instrument variation include changes in 
alignment of optical components and changes in angular and spatial distribution of the 
output light from the instrument's illumination system. These types of variations may be 
5 caused by a number of physical mechanisms, including: aging of optical mounts, 
thermally induced mechanical deformations of optical mounts, aging of light sources, or 
variations in routinely replaced components such as light bulbs. In order to be effective, 
the background sample must preserve the same mapping of angular and spatial 
distribution of light as the sample of interest. This requires that the background sample 

10 interact with the sampling optics of the instrument in a manner that mimics the 
interaction of the sampling optics with the sample of interest. 

An additional constraint which is generally required for successful calibration 
maintenance is that the overall intensity of light seen at the optical detector elements be 
closely matched for both the background sample and the sample of interest. This 

15 constraint helps to correct for non-linearities in the instrument's optical measurement 
characteristics. Again, this constraint is included in the overall definition of similar 
spectral radiance. 

Empirical results are presented for an actual, in vivo study measuring blood 
glucose concentrations non-invasively. The study was intentionally designed to include 
20 several of the types of instrument and environmental variation previously discussed 
herein. Specifically, ambient relative humidity, ambient temperature, and illumination 
power were all varied during the prediction phase of the study. This study was intended 
as a proof of concept for using a similar background reference sample for calibration 
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maintenance. The study was limited to five subjects over a period of two days. 
Prediction errors were determined by comparing non-invasive results to standard 
capillary blood glucose reference measurements. Figure 2 demonstrates the superior 
ability of the similar background to maintain the prediction performance of the 
5 calibration in the presence of instrument and environmental variation by generating a 
lower standard error of prediction and by generating the smoothest decreasing SEP curve. 
Figure 3 shows the spectral differences between the mean human tissue spectrum and the 
two different background sample types being tested in the study. 

Refer now to Figures 4 which illustrates a flowchart for determining spectral 

10 similarity, while Figures 5-21 show various embodiments of optically similar reference 
samples of the present invention, and show various graphs demonstrating the improved 
performance with the use of an optically similar reference sample. Each optically similar 
reference sample discussed with reference to Figures 5-21 basically provides a 
background that has a spectrum that is similar to the test sample. In other words, the 

15 similar background absorbs the same or similar intensity of light at each wavelength over 
the range of selected relevant wavelengths measured. 

The spectral similarity of an optically similar reference sample to the test sample 
of interest may be quantified with respect to spectral absorbance, mapping of input to 
output light spatial distribution, and mapping of input to output light angular distribution. 

20 There are two metrics that may be used to calculate the similarity of a particular 

background sample to the sample of interest with respect to spectral absorbance. The 
first involves comparing the optically similar reference sample in question to the test 
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samples, typically tissue spectra, where all of the background and tissue spectra were 
collected near in time, as set forth in Equation 10: 



5 where X is a set of tissue pseudo-absorbance spectra and z is any mean background 
pseudo-absorbance spectrum for the time in question. (The pseudo-absorbance spectrum 
is defined in Equation 11). / refers to the total number of data points collected in the 
wavelength region of interest (or the total number of discrete wavelengths chosen for 
analysis), and /refers to the total number of tissue spectra collected in this period of time. 

10 The average value of the spectrum should be subtracted from all wavelengths before 
calculating the metrics. This step ensures that the spectral shapes of the background and 
tissue are correctly compared without being influenced by a uniform, DC energy offset or 
baseline shift. 

15 Eq. (11) Pseudo-absorbance = -logio(I) 

where I is a single beam intensity spectrum. 

Quantifying the degree of spectral similarity can be done through a 
straightforward process involving a comparison between the spectra in which the analyte 
20 is to be measured and the optically similar reference sample. The flowchart of Figure 4 
summarizes this process. The process involves the following steps: 

Step 1: Define or establish the representative measurement sample. A 
representative measurement sample is a sample that is representative of samples on which 
the optical measurement system will be making subsequent measurements. If the 



Eq. (10) 



Spectral Similarity = 
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application is a single patient with diabetes, then a representative measurement sample 
would be a sample at the sampling location on that patient. If the application group is a 
heterogeneous group of subjects, then the representative measurement samples would be 
an appropriate group of subjects on which the monitor would be subsequently used. If 
5 the measurement group were other sub-populations of subjects, then the representative 
measurement samples would be obtained from the sub-population. For example, in 
patients with renal disease, the representative measurement population would be patients 
with renal disease. 

Step 2: Obtain spectral measurements from the representative measurement 
10 samples, hi all cases, multiple measurements with reinsertion of the tissue into the 
sampling device should be made. In the case of a single subject application, at least ten 
spectral measurements should be made. In the case of a heterogeneous patient 
population, the representative measurement samples should be a reflection of the subjects 
that will subsequently use the monitor. In the example below, 30 subjects of varying 
15 ages, gender, ethnicity and body mass index were used. The spectral measurements 
should be made in a manner consistent with use of the monitoring device. These spectra 
are hereafter referred to as the representative measurement spectra. 

Step 3: Calculate a mean pseudo-absorbance spectrum from the spectra obtained 
from the representative measurement samples. The resulting spectrum is hereafter 
20 referred to as the mean representative measurement spectrum. 

Step 4: Obtain spectral measurements from the optically similar reference 
sample. In all cases, multiple insertions and measurements of the optically similar 
reference sample should be made. It is preferred that at least 10 measurements should be 
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made. These spectra are hereafter referred to as the optically similar reference sample 
spectra. 

Step 5: Calculate a mean pseudo-absorbance spectrum from the optically similar 
reference sample spectra. The resulting spectrum is hereafter referred to as the mean 
5 optically similar reference spectrum. 

Step 6: Use the representative measurement spectra and the mean representative 
measurement spectrum with Equation #10 to calculate a spectral similarity value. The 
resulting value will hereafter be referred to as the spectral similarity measure #1 . 

Step 7: Use the representative measurement spectra and the mean optically 
10 similar reference spectrum with Equation (10) to calculate a spectral similarity value. 
The resulting value will hereafter be referred to as the spectral similarity measure #2. 

Step 8: Ratio the two spectral similarity values to obtain a spectral similarity 
ration. Spectral similarity ratio = 

Spectral Similarity Measure #2 
Spectral Simiarity Measure #1 

15 Equation (10) is a mean sum of squares metric, and it may be calculated for 

different wavelength regions. It may be calculated for a continuous spectral region, for 
discrete wavelengths, for combinations of two or more discrete wavelengths (which may 
or may not have been found using a wavelength or variable selection algorithm), or for 
selected regions of a spectrum. 

20 Table 1 below shows the values that were calculated for Equation (10) for a 

representative group of subjects for three levels of similarity: acceptable, preferred, and 
ideal. The spectral regions and discrete wavelengths for which these values were 
calculated are also indicated in the table. The discrete variables used in this case are 



glucose-important wavelengths (listed by wavenumber in cm" 1 ) and are specified in 
Table 2. The more similar the background is to the tissue spectra, the smaller the 
Spectral Similarity value becomes. Table 3 shows the same spectral similarity metrics 
when the representative sample is a single subject. 



TABLE 1 



Level of 
Similarity 


Example 

Background 

Sample 


Spectral Similarity Ratio 






Full Spectrum 
(4,200cm 1 -7,200cm- 1) 


Discrete Variables 


Absorbance Troughs 
(4,440cm 1 -4,800cm 1 & 
5,400cm' I -6,400cm" ,) 


Acceptable 


Scattering 
Solutions 


30 


30 


30 












Preferred 


Transmission Cell 


10 


10 


10 












Ideal 


Mean Subject 
Spectrum 


1 


1 


1 



TABLE 2 



Glucose-important variables used in spectral similarity calculations 



4196 


4451 


4883 


5369 


5731 


6163 


6696 


4227 


4459 


4922 


5392 


5755 


6187 


6935 


4273 


4497 


5014 


5454 


5785 


6287 


6973 


4281 


4528 


5091 


5469 


5809 


6318 


7004 


4304 


4559 


5176 


5477 


5839 


6349 


7043 


4320 


4613 


5230 


5515 


5893 


6449 


7066 


4335 


4690 


5269 


5585 


5924 


6472 


7205 


4366 


4775 


5299 


5623 


5947 


6557 




4389 


4829 


5315 


5662 


6001 


6595 




4436 


4860 


5338 


5701 


6094 


6673 
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TABLE 3 



Level of 
Similarity 


Example 

Background 

Sample 


Spectral Similarity Ratio 






Full Spectrum 
(4,200cm- 1 -7,200cm- 1) 


Discrete Variables 


Absorbance Troughs 
(4,440cm- 1 -4,800cm" 1 & 
5,400cm"%400cm' D 


Acceptable 


Scattering 
Solutions 


1500 


1500 


7500 












Preferred 


Transmission Cell 


1000 


1000 


2500 












Ideal 


Mean Subject 
Spectrum 


1 


1 


1 



If an analyte is to be determined, it is helpful if the background matches different 
regions and/or discrete wavelengths of the spectrum that are important in the 

5 determination. In other words, if spectral region A is important in determining the 
analyte, then the background should match the tissue especially well in region A. On the 
other hand, region A may not be at all important in determining a different analyte, in 
which case the spectral match would be less important for that region. When an analyte 
is to be determined, therefore, another metric must also be defined that is specific to the 

10 analyte in question, as shown in Equation (12) below. 

Eq. (12) Regression weighted Similarity = - - 

where b is the regression vector for the analyte being determined, normalized to 
length one, and the other symbols have the same meanings as in Equations (10) and (1 1). 
This regression vector may be calculated via any linear or non-linear regression method, 
15 where partial least squares is an example of such a method. It may be thought of as the 
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analyte's calibration model, and it weights the absorbances at different wavelengths 
based on their importance in predicting the analyte characteristic of interest. 

The process for quantifying the degree of spectral match is the same except that 
Equation (12) is used instead of Equation (10). The 8-step process is the same with a 

5 single substitution of the equations. The resulting ratio will hereafter be referred to as the 
regression weighted spectral similarity ratio. 

Table 4 shows results from Equation (12), calculated for a representative group of 
subjects when the analyte of interest was glucose; however, these values may also be 
calculated for any component in the sample that is to be determined. It can be seen that 

10 the ideal background has a much smaller Spectral Similarity value than the acceptable 
background, since it is more similar to tissue spectra collected during the same period of 
time. The more similar the background is, the smaller the Spectral Similarity value will 
be for Equation (10) or Equation (12) or both, for any spectral region or any combination 
of regions or any discrete wavelength or combination of discrete wavelengths. Table 5 

15 shows the same spectral similarity metrics when the representative sample is an 
individual subject. In an analysis where no specific characteristic (e.g. concentration) of 
the sample is being measured, then Equation (10) is sufficient. When a specific 
characteristic is to be determined, however, both Equations (10) and (12) may be 
evaluated. 

20 If the spectral similarity ratio for the optically similar reference sample value is 

less than 30, then the optically similar reference sample is to be considered an acceptable 
optically similar reference sample. If the spectral similarity ratio is less than 10, then the 
optically similar reference sample is to be considered a preferred optically similar 
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reference sample. If the spectral similarity ratio is less than or equal to 1, then the 
optically similar reference sample is to be considered an ideal optically similar reference 
sample. The metrics must be calculated for the analyte being determined and for the 
wavelengths/wavelength regions being used to ensure the validity of the similarity 
5 determination. 



TABLE 4 



Level of 
Similarity 


Example 

Background 

Sample 


Regression Weighted Spectral Similarity Ratio 






Full Spectrum 
(4,200cm- 1 -7,200cm" l) 


Discrete Variables 


Absorbance Troughs 
(4,440cm 4 -4,800cm 1 & 
S^OOcrn'-MOOcrn 0 


Acceptable 


Scattering 
Solutions 


30 


30 


30 












Preferred 


Transmission Cell 


10 


10 


10 












Ideal 


Mean Subject 
Spectrum 


1 


1 


1 



10 TABLE 5 



Level of 
Similarity 


Example 

Background 

Sample 


Regression Weighted Spectral Similarity Ratio 






Full Spectrum 
(4,200cm"'-7,200cm 1> 


Discrete Variables 


Absorbance Troughs 
(4,440cm~ '-4,800cm" 1 & 
S^OOcnf'^OOcrn 0 


Acceptable 


Scattering 
Solutions 


4500 


3000 


9000 












Preferred 


Transmission Cell 


1500 


2500 


3000 












Ideal 


Mean Subject 
Spectrum 


1 


1 


1 
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The similarity of the mapping function of light spatial distribution and light 
angular distribution can also be quantified for optically similar reference samples. The 
preferred method for quantifying the similarity of these properties is to examine the 
image of the output light beam, which is produced after the light, has passed through the 
5 sampling optics and the sample of interest. For purposes of this discussion, the light 
beam is assumed to be circular in cross-section, but the similarity metrics can be 
extended to any geometry of beam (e.g. the output of a square cross-section light guide). 
The boundary of the light beam passing through the sample is defined as the points at 
which the light intensity falls to 1/e 2 times the peak light intensity. 

10 The image of the output beam is measured using any standard intensity mapping 

scheme (e.g. scanning a single pixel detector or using a CCD camera) and using a 
goniometer. This allows both the spatial and angular distributions of the light beam to be 
determined. Measurements should be made for both the sample of interest and for the 
similar background being quantified. In order to standardize the calculation for many 

15 applications, the image should be divided into approximately one hundred equally sized 
"bins" (or squares), with ten bins across the diameter of the image. This can be 
accomplished by either measuring the beam in a ten by ten grid or by sampling at a finer 
spacing and then averaging the data. The spatial and angular distributions for the sample 
of interest are then subtracted from the corresponding distributions of the background 

20 sample. The resulting images represent the similarity level for the background and the 
sample of interest. In order to quantify this similarity, all of the data points in the image 
are put into a vector for easier calculation, and the vector is normalized so that its length 
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equals 1. This is achieved by dividing each data point in the image by the 2-norm (||x|| 2 ), 
which is equivalent to the Euclidean distance of the vector. 

e*(13) Mi^r 

where x is the vector of the difference image and n is the number of data points in 
5 that vector. 

The normalization step ensures that the magnitude of every difference-image is 
comparable. Following the normalization step, the standard deviation of the normalized 
image vector is calculated, and this metric is an indication of how similar the background 
and sample images are. Table 6 shows the standard deviations that are ideal, preferred 
10 and acceptable for the spatial distribution of similar backgrounds. Table 7 shows the 
same metrics for angular distribution. 



TABLE 6 



Level of Similarity 


Spatial Similarity Metric 




(Standard Deviatio) 


Acceptable 


0.079 






Preferred 


0.052 






Ideal 


0 


TABLE 7 


Level of Similarity 


Angular Similarity Metric 




(Standard Deviation) 


Acceptable 


0.051 






Preferred 


0.036 






Ideal 


0 
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As stated previously, the optically similar reference sample is used to capture the 
current instrument state such that the effect of instrumental and environmental variation 
on prediction capability can be eliminated. There are several different methodologies by 
which the reference spectrum can be used to correct for instrumental and environmental 
5 variation. These spectral correction methods include, but are not limited to those 
described below. 

These correction methodologies can be classed into two broad categories: 
methods which modify the spectrum of the test sample and methods which modify the 
calibration model. The simplest and preferred method modifies the spectrum of the 

10 sample of interest by subtracting the optically similar reference spectrum in absorbance 
space. The reference spectrum may be the most recently collected optically similar 
reference spectrum, or it may be an averaged spectrum containing information from 
several background samples collected at different points in time. One preferred method 
of averaging is to exponentially time weight the background reference spectra and 

15 average them together. The exponentially time weighted method allows for the 
optimization of achieving high signal-to-noise-ratio correction data and capturing the 
current instrument state. 

The second class of background correction methodologies consists of actually 
modifying the multivariate calibration model. One simple method is to simply include 

20 the reference spectra with the original calibration samples and rerun the regression 
algorithm on the combined data set. A preferred method is to include only the spectral 
variation from the background reference sample in the calibration model. This method 
consists of taking multiple background reference samples during the calibration period, 
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finding the mean of the background reference sample spectra collected during the 
calibration period, subtracting (in absorbance space) this mean background reference 
spectrum from subsequent background reference spectra collected prior to making an 
actual prediction, adding this spectral difference back to the calibration samples, and 
5 rerunning the regression algorithm to create an updated calibration model. In an 
alternative method, an eigenvector decomposition is run on the spectral differences seen 
in the background and a limited number of eigenvectors is used to add this spectral 
variation back to the model. 

Each of the similar background embodiments discussed with reference to Figures 

10 5-21 may be used in combination with an infrared spectrometer 10 having an illumination 
source 12 and a collection system 14 as disclosed in U.S. Patent No. 4,975,581 to 
Robinson et al., entitled "Method of and Apparatus for Determining the Similarity of a 
Biological Analyte from a Model Constructed from Known Biological Fluids", the entire 
disclosure of which is hereby incorporated by reference. Also, each of the similar 

15 background embodiments may be used in combination with a calibration model (not 
shown), a suitable example of which is disclosed in U.S. Patent No. 6,157,041, entitled 
"Methods and Apparatus for Tailoring Spectroscopic Calibration Models", the entire 
disclosure of which is hereby incorporated by reference. 

Detailed descriptions of several specific embodiments of the present invention are 

20 provided below with reference to Figures 5-21. These specific backgrounds are intended 
for applications in which analyte concentrations are to be measured in vivo using 
reflection spectroscopy. Specifically, these optically similar reference samples are 
designed to match the optical properties of tissue at selected wavelengths in the near- 
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infrared region including 4,000 cm" 1 to 8,000 cm' 1 . In this optical region, water is the 
dominant absorbing component contained in the tissue. Each of the following 
backgrounds is designed to provide multiple optical pathlengths through water in order to 
mimic the spectrum of living tissue. Based upon Monte Carlo simulations of light 

5 propagation through scattering media where the scattering properties match those of 
tissue, a distribution of pathlengths can be calculated. The results can be defined by a 
mean pathlength with a standard deviation and skew to the distribution. The distribution 
skew is toward longer pathlengths. Typically the standard is less than or equal to the 
mean. For example, if the mean pathlength is 1mm, then the standard deviation of 

10 pathlengths is about 1mm as well. 

In developing and assessing reference samples, is important to have a metric that 
enables one to rapidly and easily determine if multiple optical pathlengths of water are 
created by the reference sample. One simple way is to fit the absorbance spectrum of the 
reference sample with three terms: 1) an offset, 2) a slope with wavenumber, and 3) the 

15 pure component of water. The pure component of water is simply the absorbance of 
water at a fixed pathlength. Mathematically stated: 

Eq. (14) A(x) = b 0 + bjx + b 2 PC(x) 

20 The three fitting parameters are estimated using a least squares fit of the above equation 
to the absorbance spectrum (which has no instrument line shape in it). Following fitting 
of the above parameters the spectral residual is determined. The spectral residual is 
determined by subtracting the above equation from the absorbance spectrum of the 
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reference sample. The final step is to compute the root-mean-squared (RMS) error across 
the spectrum. 



Eq. ( 1 5) Multipath _ RMSError = 




5 

The multipath RMS error is greater when multiple pathlengths of water are present in the 
reference sample. A single pathlength sample will results in a smaller RMS error then a 
two pathlength sample, etc. A simple threshold value calculated in absorbance units can 
be used to determine if multiple pathlength of water are present. The threshold is 

10 sensitive to the spectral region used. For, example the threshold would be smaller if the 
region used for analysis had smaller absorbance bands. 

Several novel designs are presented for achieving the multiple water pathlengths 
required to match the spectrum of tissue. Most embodiments consist of an optical 
interface (e.g., an MgF2 window) which is highly transmissive in the optical region of 

15 interest, an optical sampling compartment containing water, and diffusely reflective or 
scattering media. For each background design, either experimental or simulated data are 
presented showing how close a spectral match was achieved between the background and 
human tissue. 

These background designs are examples of embodiments of similar backgrounds 
20 for the specific application of measuring in vivo analyte concentrations in a particular 
optical region. Other optical regions or in vitro applications will require substantially 
different background embodiments. 

The inventors recognize that in addition to including the dominant absorbing 
species (e.g., water), the background sample may also include the actual analyte of 
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interest (e.g., glucose, ethane- 1, urea, etc.). By including various analytes, the background 
sample may be used as a quality control or calibration sample in addition to its primary 
use in the maintenance of calibration. 

With specific reference now to Figures 5 and 6, a cone background device 100 is 

5 illustrated in accordance with an embodiment of the present invention. Figure 5 
illustrates representative ray-traces in the cone background device 100 and Figure 6 
illustrates a partial cut-away view of the cone background device 100. Cone background 
device 100 utilizes a conical geometry in order to help achieve some of the required 
performance specifications for a background similar to human tissue. It includes an 

10 optically transparent cone 130 such as a fused silica cone, a thin layer of a constituent 
120 such as water, collagen or lipid, and a diffusing cone 110 which provides 
approximately Lambertian reflection of the incident radiation. 

The cone geometry of device 100 provides excellent stray signal suppression as 
best seen in the ray trace shown in Figure 5. The useful signal is transmitted through the 

15 hollow portion 140 of the cone, and then through the constituent layer 120. The 
amplitude of the signal that is reflected back to the collection system without undergoing 
the desired interaction is reduced significantly due to several Fresnel reflection losses. 
The useful radiation undergoes a randomized reflection from the diffusing cone 110 
surface, and passes back into the inner cone volume 140, either to be collected or to 

20 undergo yet another pass through constituent layer 120 and random reflection. Figure 7 
shows a graph of spectral response demonstrating the spectral match between the tissue 
sample and the cone device 100. 

The cone reference sample as designed contains a distribution of optical 
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pathlengths through water. This distribution of water pathlengths was confirmed by 
calculating the multipath RMS error in the manner explained above. The multipath RMS 
error was calculated over the region of 4200 - 7200 cm" 1 and generated a value of 0.18 
absorbance units. 

5 Refer now to Figure 8, which schematically illustrates a scattering solution 

background device 200 in accordance with another embodiment of the present invention. 
The scattering solution background 200 includes a container 210 that is at least partially 
optically transparent adjacent the illumination source 12 and collection system 14. The 
scattering solution background also includes a scattering solution 220. Scattering 

10 solution 220 comprises a plurality of reflective beads disposed in a liquid or gel 
constituent such as water, collagen or lipid. The random pathlength distribution of the 
scattering solution 220 is provided by the reflective beads, which may comprise, for 
example, reflecting polystyrene microbeads (0.298 um diameter, 6600 mg/dl 
concentration) in aqueous solution. The particle reflectance, size and concentration of the 

15 reflective beads in the scattering solution 220 are set in order to create the desired match 
to tissue for the solution 220. Preferably, the solution 220 is mechanically agitated by 
agitator 230 in order to prevent settling of the reflective beads. Figure 9 shows a graph of 
spectral response demonstrating the spectral match between the tissue sample and the 
scattering solution background 200. 

20 Refer now to Figures 10A and 10B, which schematically illustrate alternative, 

roof background devices 300 in accordance with yet another embodiment of the present 
invention. The roof background devices 300 make use of an optically transparent layer 
310 such as a flat window comprising fused silica or MgF2, a roof- like reflective diffuser 
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320, and a constituent layer 330 disposed therebetween. The optically transparent layer 
310 may be used to surround and contain the constituent layer 330. The constituent layer 
330 may comprise water, collagen, lipid, or a mixture thereof. The diffuser 320 may 
include an irregular or otherwise non-planar surface such as roughened aluminum or 

5 stainless steel, or Spectralon of the proper reflecting characteristics. Light passes from 
the illumination source 12 through the window 310 and constituent layer 330 to the 
diffuser 320. After undergoing a random reflection from the diffusing surface, the light 
passes back through the constituent layer 330 through the window 310 to the collection 
system 14. Figure 10B further illustrates the roof background device 300 disposed on a 

10 sampler interface 340 to which a cluster of fiber optic bundles 350 is joined. Each fiber 
optic bundle preferably includes an arrangement of a plurality of input and output fiber 
optic cables. 

The parameters of the device 300 may be adjusted so that the collected light has 
similar spectral radiance to light that has interacted with tissue. Figure 1 1 shows a graph 

15 of spectral response demonstrating the spectral match between the tissue sample and the 
roof background 300. The angles of the diffusing surface and the thickness of the water 
path were adjusted in simulation to achieve the theoretical result shown in Figure 1 1 . 
The spectral response of this system was calculated from the pathlength distribution and 
the known absorption spectrum of water. It is important to note that the spectral match 

20 shown depends on adjusting the mean energy of the background to match that of tissue. 

Refer now to Figure 12, which schematically illustrates a multi-layer background 
device 400 in accordance with a further embodiment of the present invention. The multi- 
layer background device 400 is based on a match at discrete pathlengths to tissue. The 
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multi-layer device 400 includes an optically transparent window 410 such as an MgF 2 
window, a plurality of optical splitting layers 420 such as partially reflecting quartz 
microslides, and a reflecting layer or surface 430 such as a gold mirror. Multiple 
constituent layers 440, such as water, are disposed between the window, 410, the 

5 optically transparent layers 420, and the reflective layer 430. The optically transparent 
window 410 may be used to surround and contain the constituent layers 440. The 
diameter of the multi-layer background 400 is chosen to match the output area of the 
sampling optics for a given device. 

Incident light from the illumination source 12 is broken up into components with 

10 discrete pathlengths by the optical splitting layers 420. The reflectance of the optical 
splitting layers 420 and the thickness of the constituent layers 440 may be adjusted in 
order to achieve the proper distribution of pathlengths in the device 400 so that a match to 
tissue is achieved. Figure 13 shows a graph of spectral response demonstrating the 
spectral match between the tissue sample and the multi-layered background 400. For this 

15 test, the water layers 440 (labeled A, B, and C) were sized as follows: A = 170um, 
B = 205 jam, and C = 150p.m. The microslide 420 between layer A and B had 4% 
reflectance, and the microslide 420 between layer B and C had 32% reflectance. The 
gold mirror 430 had approximately 99% reflectance in the specified wavelength region 

Refer now to Figure 14, which schematically illustrates a transmission cell 

20 background device 500 in accordance with yet a further embodiment of the present 
invention. The transmission cell background device 500 also makes use of discrete 
constituent 520 pathlengths to match the pathlength distribution of tissue at key points. 
The transmission cell background device 400 includes an optically transparent container 
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510 such as fused silica windows containing a plurality of spacers 530 such as MgF2 
spacers to provide desired pathlengths. The remainder of the container 510 is filled with 
a constituent 520 such as water. The spacers function to displace the water or other 
constituent, creating a background with several different length water paths. Suitable 

5 dimensions for the cell spacers are 0.226", 0.216", and 0.197" respectively. These 
spacers may be used to create three water layers with thickness values of 0.0098", 
0.0197", and 0.0393". The diameter of the transmission cell 400 is chosen to match the 
output area of the sampling optics for a given device. Figure 15 shows a graph of 
spectral response demonstrating the spectral match between the tissue sample and the 

10 transmission cell background 400. Figure 15 indicates the degree of match between the 
transmission cell (T-Cell) background 400 and the tissue sample to be on the order of 
+/-0.1 absorbance units. 

The transmission cell background 400 may be incorporated into a transmission 
spectroscopy device by incorporating a second, reflective element (not shown). The 

15 transmission cell described above is placed into the optical beam of the spectrometer in a 
location such that the light from the sampling optics passes through the transmission cell 
before being measured by the optical detector. A diffusely reflecting material, such as 
Spectralon, is placed at the reflective sampling optics interface in order to mimic the bulk 
scattering properties of tissue. This optical setup allows a similar background to be 

20 constructed that uses discrete water pathlengths in transmission to mimic the optical 
properties of tissue sampled using reflection sampling optics. 

The transmission reference sample as shown in Figure 14 has three different 
optical pathlengths. When examined by the multipath RMS error metric over the region 
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of 4200 - 7200 cm" 1 the magnitude of the residual clearly indicates the presence of 
multiple pathlengths through generation of a value of approximately 0.11 absorbance 
units. 

Refer now to Figure 16, which schematically illustrates a variable height temporal 

5 background device 600 in accordance with another embodiment of the present invention. 
The temporal background device 600 includes an optically transparent layer 610 and a 
movable diffuse reflector layer 620, such as a Spectralon. A constituent layer 630 such 
as water is disposed between the optically transparent layer 610 and the diffuse reflector 
620. The optically transparent layer 610 may be used to contain the constituent layer 630 

10 or a separate container 650 may be provided for that purpose. 

The temporal background device 600 uses a time-weighted sampling technique to 
produce proper throughput at various pathlengths that match the tissue path distribution. 
This, in turn, enables the spectral match to tissue. A diffuse reflector 620 (approximately 
Lambertian high-reflectance material) is used to provide return illumination in the form 

15 of reflected light and is translated vertically (as shown by arrow 640 and labeled h;) to 
achieve a variable water path. The data presented below were generated by varying the 
height of the Spectralon reflector 620 over the water layer hi through values ranging from 
0.1mm to 0.3mm. The diameters of the MgF2 window and Spectralon reflector are 
chosen to match the output area of the sampling optics for a given device. Thus, the 

20 reflecting layer 620 is moved to a height corresponding to a given pathlength in the 
desired distribution, and light is subjected to this pathlength and collected for a time 
proportional to the weight of the particular path in the distribution. Upon combination of 
the time-sampled data, a match to the tissue spectrum can be achieved as shown in 
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Figure 17. 

Refer now to Figure 18, which schematically illustrates a collagen gel matrix 
background device 700 in accordance with an embodiment of the present invention. The 
collagen gel matrix background device 700 includes a container 710 that is partially 

5 optically transparent. A constituent 720 is disposed in the container and comprises a 
collagen gel matrix. The collagen gel matrix may consist of denatured porcine collagen 
in a gel state. Reflectance microbeads may be infused into the gel to create a randomized 
scattering path throughout the volume of the constituent 720. For example, the collagen 
matrix 720 may be made from 30% porcine gelatin, 0.8% 2um polystyrene beads, and 

10 69.2% water. Figure 19 shows a graph of spectral response demonstrating the spectral 
match between the tissue sample spectrum and the collagen gel matrix background 
spectrum 700. The actual gel thickness presented to the sampling system was 
3.0cm - 4.0cm. As can be seen from Figure 19, a close match to human tissue can be 
made if the proper preparation of the collagen gelatin matrix is carried out, which can be 

15 accomplished empirically. As one of skill in the art will recognize, the gel matrix can be 
composed of any substance that enables a optically similar reference sample to 
be created. 

Refer now to Figure 20, which schematically illustrates an animal based bodily 
constituent (e.g., bovine tissue) background device 800 in accordance with an 
20 embodiment of the present invention. The animal based bodily constituent background 
800 includes a container 810 that is at least partially optically transparent and an animal 
(e.g., bovine, porcine) based bodily constituent 820 disposed therein. The animal based 
bodily constituent may comprise an animal bodily tissue (e.g., skin), an animal bodily 
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fluid (e.g., blood) or other animal based biological constituent. Through the use of a 
section of bovine tissue, a relative match to human tissue is readily attained. The bovine 
tissue section may be doped with analytes in order to simulate various in-vivo 
concentration levels for humans. Because the spectral features of the bovine tissue 

5 section are similar to those found in human tissue, it provides a good formulation of a 
tissue similar background for use in calibration maintenance. Figure 21 shows a graph of 
spectral response demonstrating the spectral match between the tissue sample and the 
bovine tissue background 800. For the data shown in Figure 21, 2cm x 4cm rectangular 
sections of bovine collagen tissue approximately 1cm thick were used. The bovine 

10 collagen sample comprised a section of cowhide immersed in distilled water to prevent 
dehydration. 

All of the reference sample devices having similar backgrounds discussed above 
may be used in conjunction with an optical spectrometer, which typically includes, 
among other components, an illumination source and a collection system. The reference 

15 sample is optically coupled (e.g., positioned adjacent) to the illumination source and 
irradiated with multiple wavelengths of radiation from the illumination source. The 
collection system is used to collect radiation that is not absorbed by the reference sample. 
The collected radiation is then used to determine the intensities of the non-absorbed 
radiation at each of the multiple wavelengths to generate a reference spectrum. A new 

20 calibration model can be created or a pre-existing calibration model can be modified 
based on the reference spectrum to account for instrument and environment variations. 
Alternatively, the reference spectrum is simply used to alter a spectrum of a test sample 
to account for instrument and environment variations without altering an existing model. 
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After the calibration model has been created or modified, a test sample of interest 
is optically coupled (e.g., positioned adjacent) to the illumination source. The test sample 
(e.g., human tissue or blood) is irradiated with multiple wavelengths of radiation from the 
illumination source. Radiation that is not absorbed by the test sample is collected with 
5 the collection system. The collected radiation is then used to determine the intensities of 
the non-absorbed radiation at each of the multiple wavelengths to generate a test 
spectrum corresponding to the test sample of interest. In one embodiment, the newly 
created or modified calibration model is used, and an analyte or attribute of the test 
sample may be calculated based on the test spectrum. Alternatively, the test sample 

10 spectrum is modified based on the reference spectrum (i.e., a ratio or difference) and the 
modified test spectrum is used with an existing model to determine an analyte 
concentration or attribute. 

Note that these steps may be reordered and/or modified without departing from 
the scope of the present invention. For example, the reference sample may have the same 

15 or separate interface with the instrument as that used for the test sample of interest. Also, 
the reference sample may have multiple components that are simultaneously measured at 
different locations in the optical path of the spectroscopic instrument. Further, the 
reference sample may be manually or automatically positioned and measured. 

In order to correct for the effects of instrument and environmental variation, the 

20 similar background is preferably sampled sufficiently close in time to the sample of 
interest. The required frequency of sampling for the background is dependent on 
instrument stability and environmental variations which are being corrected. Preferably, 
a background measurement is made just prior to measuring the sample of interest which 



-53- 



allows the most current instrument state to be determined. In an alternative sampling 
scheme, the signal-to-noise ratio in the measured background spectrum is improved by 
taking multiple similar background measurements prior to measuring the sample of 
interest. 

5 There are several schemes for optimizing the relationship between using multiple 

background sample measurements (higher signal-to-noise) and using only the 
background sample measurement made closest in time to the measurement of the sample 
of interest (most current instrument state). One such scheme is to use multiple, weighted, 
time-averaged background sample measurements. Multiple background sample 

10 measurements are collected over a period of time in order to increase the spectrum's 
signal-to-noise ratio. Weighted averaging allows those background sample spectra taken 
closest in time to the sample of interest to more heavily influence the spectral correction. 

There are multiple methods for using the spectral measurement of the similar 
background to correct for instrument and environmental variation. One simple and 

15 effective methodology is to ratio the measured spectrum of the sample of interest to the 
measured spectrum of the similar background sample. This correction methodology 
removes spectral variation that is common to both the similar background and the sample 
of interest. This methodology may be used to both establish and maintain a multivariate 
calibration model, but in some cases, it is desirable to use this methodology only for 

20 calibration maintenance. 

From the foregoing, it will be apparent to those skilled in the art that the present 
invention provides devices, systems and methods for establishing and/or maintaining the 
prediction capability over time of a multivariate calibration model designed for 
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quantitative optical spectroscopic measurement of attributes or analytes in bodily tissues, 
bodily fluids or other biological samples. The present invention is particularly useful 
when the spectral absorbance of the attribute or analyte is small relative to the 
background. The present invention provides an optically similar background reference 

5 sample to capture the characteristics of instrument and environmental variation and to 
reduce the effect of such variation on the measurement capability of the model. 

Those skilled in the art will recognize that the present invention may be 
manifested in a variety of forms other than the specific embodiments described and 
contemplated herein. Accordingly, departures in form and detail may be made without 

10 departing from the scope and spirit of the present invention as described in the appended 
claims. 
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